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We present results on charm photoproduction in the energy interval 40 to
160 GeV, obtained from high-statistics charm samples at the NA14/2 experiment at
CERN. We have measured the charm cross-section, and distributions, and var-
ious production ratios and charge asymmetries. The total non-di�ractive open charm
cross-section per nucleon is measured to be = 465 53 84 nb at =
100 GeV. The hadronization scheme is discussed, as well as the comparison with theory
and phenomenological models. The comparison of the distribution with �rst-order QCD
calculations yields an estimate for the charm quark mass of = 1.58 0.07 GeV/ .
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The photoproduction of charm has several attractive features: it can be described in
the framework of QCD owing to the fact that the charm-quark mass is large; perturbative
expansion is therefore valid even for low- values, in contrast to the photoproduction of
light avours. To lowest order in only one process contributes, that of gamma{gluon
( g) fusion. Higher-order corrections are expected to be small and the second-order contri-
bution has been calculated [1]. To this order, only the gluon structure function is involved.
The theoretical uncertainties are much smaller than in hadroproduction, where higher or-
der corrections are larger and additional structure functions are involved. Furthermore,
the charm fraction of the hadronic cross-section is much higher in photoproduction.

The hadronization scheme is also simple. In the framework of the Dual Parton Model
(DPM) [2] it is expected to be dominated by a single topological graph (Fig. 1).

Our photoproduction experiment, NA14/2, has collected data using a wide-
acceptance spectrometer with good electromagnetic calorimeter coverage. Particle identi-
�cation is provided by two Cherenkov counters and the momentum resolution for a track
traversing both magnets is � 4 10 ( in GeV ). The vertex detector incorpo-
rates a silicon active target of 32 planes, each plane segmented into 2 mmwide strips with
analogue readout. These are followed downstream by a high-resolution silicon-microstrip
detector comprising 10 planes with a 50 m pitch. The microstrip detector was developed
by NA14/2 in collaboration with industry [3] and has been successfully used by other
photoproduction experiments [4]. The trigger selected hadronic interactions of photons in
the silicon active target. Details concerning the detector can be found in Ref. [5].

A study of production mechanisms requires the measurement of the energy of in-
dividual photons. The photon beam was created by electron bremsstrahlung, and the
electron energies were measured both before and after radiation. The e�ect of multiple
bremsstrahlung is taken into account using a Monte Carlo simulation. The photons range
in energy from 40 to 160 GeV with = 95 GeV.

A total of 17 million events has been recorded. Various �ltering schemes have been
used to extract interesting events before processing them through the complete recon-
struction program. In addition, for the photoproduction analysis, 4.3 million events were
directly processed through the complete reconstruction program (at the CERN 3081/E
`emulator farm'). These events are used for cross-section measurements to ensure a sample
free from �lter ine�ciencies and biases.

According to the DPM, the �nal-state hadronization is dominated by a single topo-
logical graph. The hadronization occurs along two `strings': a mesonic string stretched be-
tween the anticharm quark and a target spectator quark, and a baryonic string stretched
between the charm quark and the remaining target spectator diquark (Fig. 1). This pro-
cess is simulated using Monte Carlo techniques.

Our Monte Carlo program uses the �rst-order QCD calculation for the photopro-
duction of charm, via the g fusion mechanism. In the perturbative QCD calculation
of charm photoproduction, the charm quark and antiquark are produced in a similar
way; the source of any particle{antiparticle asymmetry must therefore be attributed to
hadronization.
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An alternative approach to this problem is given in Ref. [8].

The gluon structure function ( ) (1 ) is assumed, no Q evolution is
introduced, and the mass of the charm quark is taken as 1.5 GeV. The structure functions
of the nucleon fragments are taken from low- physics; for the quark we assume it
to be [2]:

( )
1

(1 )

giving an behaviour for the quark and an behaviour for the diquark at low .
Hence the mass of the string containing the diquark is higher than the mass of the string
containing the quark, as shown in Fig. 2. Owing to phase-space limitations this inequality
in the string masses can lead to particle{antiparticle asymmetry for the charmed particles
produced during the hadronization process.

Hadrons are created along the two independent strings using the Lund scheme [6]
in which quark{antiquark and diquark{antidiquark pairs are created along the length of
the string until the available energy has been exhausted.

We are assuming implicitly that, in our energy range, the contribution of di�ractive
photoproduction of charmed particles is small. Theoretical arguments [1] indicate that
the di�ractive component is a few per cent of the total charm cross-section. To check
this point we have studied events with a small energy deposition in the active target at
the main vertex position and have obtained an upper limit for the coherent (di�ractive)
component of the charm cross-section. This limit is 3% at the 90% con�dence level [7]:
moreover, an indication that this assumption is correct is the shape of the
measured distribution of D mesons.

The results of the Monte Carlo simulation are presented in Fig. 3, where the expected
production rates for the various charmed particles are given as a function of the incoming
photon energy.

� � : a key issue in particle{antiparticle asymmetry is � production,
since � is the lightest and hence the most abundantly produced charmed baryon. The
Lund Monte Carlo used for �nal-state hadronization generates diquarks and antidiquarks
with similar probability. However, the � baryon contains a charm quark and is there-
fore formed in the baryonic string, whilst the � contains an anticharm quark, and is
formed in the mesonic string. In the mesonic string, � production can only occur if the
string mass is larger than 3.2 GeV (equal to the mass of the � plus the mass of a nu-
cleon), owing to the requirement of baryon-number conservation. The baryonic string,
however, when above the 2.3 GeV � threshold, may form a low-mass system with the
charm quark and the spectator diquark without stretching further to produce additional
diquark{antidiquark pairs. This low-mass system may then decay into a � plus addi-
tional mesons. This process has a sharp energy dependence, which is treated as follows in
the simulation : if the baryonic string mass is less than 4 GeV, then only � baryons are
produced; otherwise a DNX system (a D meson, a nucleon, plus additional hadrons) is
generated. The value of 4 GeV was chosen to reproduce the � /D ratio of 0.7 which was
measured at = 20 GeV [9].

Therefore, at low energies, an excess of � over � production is expected. This
excess is also enhanced by the fact that the mesonic string mass distribution is peaked
towards lower values compared to the baryonic string. For high � energies, however
(above 40 GeV in our case), � and � production is similar [10].
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Throughout this paper, D stands for the sum of D and D .

Thoughout this paper, D K is used as an abbreviation for the decay processes D K and

its charge conjugate D K ; D K is used as the abbreviation for the D K and

D K processes. Also, throughout this paper the symbol for a particle is taken to include

the corresponding antiparticle, unless explicitly stated otherwise.
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D/D : the enhancement of D over D production results from the � �
asymmetry. As the rate of baryon production is of the order of 10% of the rate of meson
production, the expected excess of D is only a few per cent.

D /D : the D /D asymmetry is sensitive to the way charmed hadrons
are produced. Owing to phase-space limitations in the mesonic string which suppress
D KX production, we predict an excess of D over D . This e�ect overrides the antipar-
ticle excess expected from the argument for the D/D asymmetry.

D /D : the ratio of D to D production depends on the production rate of
prompt D mesons. This is because the D cannot decay to the D (owing to kinematics),
whereas the D decays to D or D with similar probabilities. Taking the branching ratio
BR (D D ) = 0.49 0.08 [11] and a ratio of (D from D )/all D = 0.32
0.01 0.03 [12] gives D /D = 0.46 0.06.

(D + D ) (D + D ) : the production ratio of (D + D ) to (D + D )
provides information on strangeness production during hadronization since a charm quark
has to combine with a strange quark of the sea to produce a D . Thus D production
is expected to be suppressed with respect to D production. If we assume the same
probability for strange-quark production as the one used to account for measurements
in e e annihilation events, we predict a value of 0.38 0.15 for this ratio for incident
photon energies greater than 60 GeV [13].

� D : the production ratio of charmed baryons and antibaryons to D mesons
depends on the rate of diquark generation during the process of hadronization. As thresh-
old e�ects introduce an asymmetry between � and � , giving an excess of � production
from direct fusion of a charm quark with a target diquark, we should only compare the
rates for � photoproduction with the corresponding production in e e annihilation.
This comparison will be meaningful for high incident-photon energies where phase-space
e�ects are unimportant. We predict � /(D + D ) = 0.03 at = 90 GeV.

For the measurement of the cross-section, three energy intervals are considered: 40
to 80 GeV, 80 to 120 GeV, and 120 to 160 GeV. The high-statistics modes D K
and D K are used for this study . These are extracted from the directly-processed
data, thus avoiding the need for a �lter-acceptance correction which would increase the
systematic uncertainties. The steps in the analysis to obtain a D signal are described in
Ref. [5].

The beam-tagging system provides a measurement of the photon energy in 33%
of the triggers in the data sample. Only tagged events are taken into account for the
cross-section measurement.

The choice of the cut used (where is the ratio of the separation of the primary
and secondary vertices scaled by the corresponding error) was made in order to minimize
the statistical errors of the �nal answer. It corresponds to = 3 for the D case and
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= 4 for the D case. The inclusive spectrum can be seen in Fig. 4. There are about
390 30 D and 260 30 D events above background. The signal region is taken to be
1.830 to 1.875 for D and 1.830 to 1.885 for D . After background subtraction, the events
are corrected for the analysis acceptance according to the momentum of the reconstructed
D meson. A cut at 15 GeV/ was introduced to avoid large uncertainties in the (large)
acceptance-correction at low D momenta. Its e�ect as a function of the incoming photon
energy is taken into account and is of the order of 20% for the energy range considered.
A cut on the D momentum was preferred to a cut in since it corresponds better to the
nature of the correction; the detector and analysis acceptances are more directly related
to the charmed-particle momentum and only indirectly to the fraction of the photon
momentum carried by it.

The e�ect of multiple bremsstrahlung is then taken into account by transforming
the tagging answer (i.e. the measured di�erence of electron energies) distribution to the
real photon energy distribution. A transformation matrix for this was derived using a
Monte Carlo simulation. The correction has the e�ect of shifting the mean energy for
hadronic events from = 105 GeV to = 95 GeV [14].

Finally, the data are corrected for trigger acceptance, again obtained from the NA14
Monte Carlo simulation. This simulation gives a trigger charm-enrichment factor of about
2.0 compared to that of hadronic events. The trigger is measured to be 95% hadronic.

The cross-section is estimated by comparing our charm-data spectrum with the
raw-data (hadronic) spectrum corresponding to the same experimental run period. The
total hadronic-photoproduction cross-section for the energy range considered is 115 b
[15]. Taking into account the A dependence, as discussed below, this corresponds to
2.47 mb per Si nucleus. However, from this value we have to subtract the di�ractive com-
ponent to which our apparatus is insensitive. This di�ractive component is mainly due to
di�ractive and production (plus a small contribution from non-resonant ). The
cross-section of the reaction p p (which includes resonant and non-resonant

) is 11 1 b, whereas the cross-section from the di�ractive reaction p p is
1.2 0.3 b. Therefore, the total non-di�ractive hadronic cross-section is taken to be 103

5 b. The uncertainty of 5% represents the systematic uncertainty in our knowledge
of both the di�ractive part of the cross-section and the acceptance of our trigger for such
di�ractive events.

To extract the charm photoproduction cross-section for a free nucleon we have to
correct for nuclear e�ects. This is done assuming that the open charm photoproduction
has the same behaviour as J/ production. The A dependence of the total hadronic
cross-section has the form A where = 0.920 0.002 [16], whereas the incoherent J/
production has a similar form with = 0.94 0.02 0.03 [17]. The di�erence in the A
dependence has a 7% e�ect on the ratio of cross-sections of charm to hadronic events and
is taken into account.

Using the D sample and taking BR (D K ) = (4.20 0.04 0.04)% [18] we
obtain

= 271 36 50 nb

For the D candidates, taking BR (D K ) = (9.1 1.3 0.04)% [18] we
obtain

= 92 20 18 nb
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To derive the total non-di�ractive charm photoproduction cross-section we need to
estimate the contribution to the cross-section of the remaining charmed particles, mainly
the D and the � . For the contribution of the D we use the ratio of D /D derived from
our Monte Carlo (Fig. 3), whereas for the � , owing to a discrepancy between predicted
and observed ratios discussed in Section 5, we use the � /D ratio. Thus we derive
the sum of the contributions of the D and the D to the total charm cross-section which
is 0.78 0.07, and the total open charm cross-section is calculated to be:

= 465 53 84 nb

does not include the (di�ractive) contributions from the J/ and [19] .
The �rst error is statistical and the second systematic. The systematic error includes the
variation of the overall signal-to-noise ratio, and together with the uncertainties in the
analysis- and trigger-acceptance, the tagging-correction, the ratio of D-meson production
to overall charm production and the branching fraction. The energy dependence of the
charm cross-section for the three intervals considered can be seen in Fig. 5. This �gure
compares the values obtained with theoretical predictions for various charm-quark masses
taken from Ref. [1]. The value of the charm-quark mass of 1.5 GeV reproduces the data
well whereas much lighter values seem to be excluded.

To bene�t from higher statistics, and distributions were extracted from the
�ltered samples of D mesons rather than from the directly-processed sample.

The distribution obtained from the D K and D K samples can be
seen in Fig. 6. It is corrected for e�ciencies and acceptances for these two modes and for
the e�ect of multiple photon radiation of the incident electron. The predictions for the

distribution are presented for = 1.5 GeV/ and with di�erent parametrizations
of the fragmentation function ( ) = (1 ) e , where is the transverse mass
(Fig. 6a). The data are well described by the standard Lund values = 1.0 and = 0.7. The
e�ect of using di�erent gluon structure functions is also shown: using the parametrization

( ) (1 ) the two curves of Fig. 6b are for the values = 5 and = 10. The
distribution is quite insensitive to the charm-quark mass: changing the mass of the charm
quark from 1.2 to 1.8 GeV/ decreases the width of the distribution by 4%.

The shape of the distribution is insensitive to second-order QCD corrections [1]
as well as to the exact form of the gluon structure function. It is therefore a good probe for
estimating the charm-quark mass. The raw distribution obtained from the D K ,
D K , and D K samples shows a clear excess at high ( 2 GeV )
above the background. This is estimated from the wings on each side of the signal and also
from events of the signal region after relaxing the cuts imposed by the vertex detector. The
background is well described by e , a standard parametrization of inclusive particle
production, suggesting that most of this background is from normal hadronic events. The

distribution, after background subtraction and acceptance corrections, is shown in
Fig. 7. The Monte Carlo predictions for = 1.2 GeV/ = 1.5 GeV/ , and =
1.8 GeV/ are also shown.

We estimate the charm-quark mass from the distribution as follows: we calculate
the of the �t of the theoretical prediction to the experimental distribution for six
di�erent charm-quark mass hypotheses (1.2, 1.4, 1.5, 1.6, 1.7, and 1.8 GeV) in the range

5

�

�   

x p

x p

x � ���

x m c

zf z z m

a b

xG x x n n x

c x

p

p �

�� ��� p > =c

p

m c ; m c m

c

p

�

p

�

� �

f g

! !

�

� �

!

! !

observed

4 and distributions



s

s

c

2 2

c
2

0 +
s c

D

+
s s D

D D

+
s

+ +
s

+

+
s

+

+
s

+

s
+

s
0 +

c c �

c

c
0

exp c
0

Lund

c
+

exp c
+

Lund

c c

c c c

+ 0

V

1
+ 0

2
0 + 0 + 0 +

V

V 1 1 V 2 2

0 + + 0

+ 0 0 +

+ + +

+ + +

0 +

�

�

�

�

�

� �

� �

�

�

�

�

0 to 8.5 (GeV/ ) . From the six values of and quoting only the statistical uncertainty,
we estimate a value for the charm-quark mass of

= 1 58 0 07 GeV

Production ratios and charge asymmetries of various charmed particles obtained
from events containing reconstructed D , D , D , and � are compared with predictions
from the hadronization model.

De�ning the asymmetry as = ( ) ( + ) we measure

D D = 0 93 0 07 = 0 03 0 05

D D = 1 6 0 6 = +0 24 0 17

Our model predicts asymmetries of opposite sign for non-strange and strange
charmed mesons: = 0 07 and = +0.12 (see also Fig. 3). The data are com-
patible with these predictions.

The ratio of D over D times the branching fraction BR (D ) is measured
to be (1.81 0.63)%. Assuming a value of 4% for BR (D ) [20], we obtain a value
of D /D = 0.45 0.16, whereas the value predicted by our model is 0.38 0.15 [13].
Given this agreement between the predicted and the estimated value for the D /D , we
can evaluate the contribution of the strange D meson to the total charm cross-section.
We obtain D /(D + D ) = 0.14 0.03, where the error comes from the uncertainty in
the probability of producing a strange quark during hadronization in the LUND scheme.

The � � ratio, measured in our experimental acceptance ( 30 GeV), is
measured to be 0.6 0.3. The model predicts 0.7 with the standard LUND fragmentation
parameters ( = 1.0, = 0.7) and 0.9 with a hard fragmentation function ( = 0 5
= 0.7). In this kinematical region we also measure a large � production compared to the

LUND prediction. This is illustrated by the production ratios (� D ) (� D ) =
3 2 1 0 and (� D ) (� D ) = 3 0 0 8 deduced assuming a branching fraction
BR (� pK ) = 0.05 [10]. The measured D/D asymmetry is used to estimate �
production over the low-energy range where our apparatus is insensitive. Assuming a
branching fraction BR(� pK ) = 5%, we estimate a ratio of (� + � )/(D + D) =
0.15 0.06.

The measurement of D /D and D /D ratios allows us to extract the fraction
= V/(P + V) where V and P signify vector (V) and pseudoscalar (P) charmed mesons,

respectively. De�ning = D /D = (D fromD )/D , and = BR (D D ),
then is given by the relations:

= (1 ) (1 + ) and = (1 + )

assuming an equal production of D and D , and of D and D , respectively, at the
parton level.

The D /D production ratio is measured using the reconstructed D K and
D K decays and taking the branching ratio of

BR (D K )

BR (D K )
= 2 17 0 37 [10]
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5 Production ratios and charge asymmetries
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We obtain = 0.34 0.09 0.06 and we expect 0.46 0.06 for our model. This
corresponds to a value of = 0.49 0.13. is measured to be 0.26 0.04, cor-
responding to a value of = 0.35 0.07. These two values are combined to give a
weighted average = 0.38 0.05. Using the value = 0.49 0.08 [11] we obtain

= 0.78 0.15, in agreement with what is expected from simple spin counting, i.e.
0.75, a value which is used by the Lund model.

We have measured the charm photoproduction cross-section of the D and D
mesons in the energy interval 40{160 GeV:

= 271 36 50 nb = 92 20 18 nb

The total open charm photoproduction cross-section was estimated to be

= 465 53 84 nb

The distribution of the D and the D allows us to estimate the mass of the charm
quark:

= 1 58 0 07 GeV

The distribution obtained agrees well with our model, being sensitive to the fragmen-
tation function, but quite insensitive to the gluon structure function. Our model predicts
an excess of D over D and an excess of D over D , and this prediction agrees with
our measurements. The fraction (vector/vector + pseudoscalar) is estimated from the
data as = 0.78 0.15, which is compatible with the value expected from simple spin
counting, i.e. 0.75.

Our results can be interpreted in the framework of the g fusion model. With the
exception of the ratio � /D, all the measured quantities are in agreement with our QCD-
based simulation, which uses the Dual Parton Model and the Lund model for hadroniza-
tion.
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